Introduction
In Portugal, the cork oak is the forest species with the second largest area of occupation, 720 000 ha according the National Forest Service (DGF, 1999) . The greatest expanse of cork forest is located south of the Tagus river, in stands where the trees are a component of a complex multiple-use agricultural, silvicultural and pastoral system -the montados. In the montado, cereals are cultivated or livestock graze in pastures under the cover of open stands. At present, the sustainability of the cork oak montados is in danger due to under-stocking of the sites; i.e. to the low density of the arboreal component; to the excessive exploitation of the trees through the practice of severe cork strippings, which may even compromise the trees' survival; and to the lack of natural regeneration of the stands, affecting their long-term permanence.
This expanse of cork oaks produces ~135 thousand tonnes of cork annually, according to the National Forest Service (DGF, 1999) , more than half of the total world production (~55 per cent).
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Summary
The variation in the cork produced by individual trees (Quercus suber L.) in three distinct locations, Mora, Alcácer do Sal and Benavente, is characterized by measurements made during two consecutive harvests of cork in the same trees. Particular emphasis is given to the variability in the weight of cork produced by individual trees and its mean caliper for the two strippings in each region. A good linear correlation between the tree circumference after the first stripping and the weight of the cork produced 9 years later as well as a poor linear correlation between the first variable and the caliper of the cork produced 9 years later is reported. A cork oak diameter curve is presented for each region, considering their two radial growths: the wood growth, which is cumulative, and the cork growth, which is the 9-year growth.
without bark, during the exploitation period. The layout of a net of permanent plots in cork oak montados began in 1985 with the statistically sound modelling of cork oak weight at tree level (Ferreira et al., 1986) .
According to Natividade (1950) , during the life of a tree, with successive cork strippings, generally every 9 or 10 years, the production of cork increases at the beginning, stabilizes and then decreases naturally with age. The first removal of cork produces virgin cork, the second gives segundeira cork (first reproduction cork), and from the third stripping one obtains amadia cork (or secondary reproduction cork). The decline in caliper begins around the fifth removal of amadia cork (at ~70 years of age) and is more pronounced after the twelfth removal, at ~120 years of age. By 140-150 years of age, the growth is so small that the caliper of the plank is inferior to that registered at the first stripping of reproduction cork, and the trees show signs of decrepitude (Machado, 1944) .
When considering a cork growth period of 9 years, the annual cork increments decrease with time. According to Montoya (1980) and to Ferreira et al. (1997) the annual caliper increments are largest in the first 4 years of the cycle, corresponding to 60 per cent of the total caliper.
The most recent cork yield models, for single trees, always choose the total stripping surface as the independent variable (Ferreira et al., 1986; Montero, 1987; Ferreira and Oliveira, 1991; Montero et al., 1996; Sousa, 1997) , while the cork caliper is eliminated without a significant loss of accuracy (Ferreira and Oliveira, 1991) . More recently a site quality parameter has been proposed (Montoya, 1980; Montero, 1987; Montero and Grau, 1988; Álvarez, 1995; Sousa, 1997) , and a cork stand yield model has been developed by Borges et al. (1997) . As for timber production, a better quality site for cork stands means a greater cork production per hectare. This paper reports on the variation in cork quantity and quality with time based on two consecutive strippings on trees located at Alcácer do Sal (Palma), Mora (Brotas) and Benavente (Samora Correia). These trees are part of the national network of permanent plots of cork oak installed between 1985 and 1987 (Ferreira et al., 1986 Ferreira and Oliveira, 1991 ) and remeasured between 1994 and 1996 (Sousa, 1997 .
Materials and methods

Study area
The study was conducted on three sampling regions, each one containing at least 20 trees. All study areas are located mainly in sub-Mediterranean (SM) phytoecological zones (Figure 1) with Quercus suber and Quercus faginea as tree indicator species (Albuquerque, 1954) . Mean annual rainfall is over 500 mm with a minimum of 574 mm at Alcácer do Sal and a maximum of 662.5 mm at Benavente. The mean annual temperature is over 15°C with a minimum of 15.8°C at Mora and a maximum of 16.3°C at Benavente and Alcácer do Sal. The highest temperatures are reached in the summer months when precipitation is lowest.
The study areas are located in different quality regions according to National Forest Service's cork oak quality regions; thus the study area of Mora (VII) is classified as a better quality region, generally providing cork of good quality, than Benavente (V) and Alcácer do Sal (VI) (see Figure  1) .
According to the map of soils of Portugal based on the FAO classification (Cardoso, 1974) 
capcc (m) hdt ( have good potential for cork oak production (Diniz, 1994) . The cork oak montados in these three regions have different managements and structures, including different stand densities (trees ha -1 ) and variations in principal tree parameters: the circumference at 1.3 m above ground with cork (capcc); the total stripping surface, based on circumference at breast height and stripping height (Sdt), the cork stripping coefficient (cd), which is equal to the ratio between the maximum height of stripping and the circumference over cork at a height of 1.30 m above ground level, the productivity (SI), which is equal to the ratio between the individual production of cork and the corresponding total stripping surface (kg m -2 ), and the stripping height (hdt) (see Table 1 ).
Field procedures
The following variables were measured on each tree when the plot samples were laid out in 1985-1987 and again in 1994-1996: circumference at 1.30 m above ground (capcc); circumference under cork (after cork oak had been stripped) at 1.30 m above ground (capsc); total production of cork (green) per individual tree (Pv); stripping height (hdt) and caliper of green cork (ev), which is considered to be the average thickness of the cork plank. 'Green' indicates that the measurement has been made in the field, immediately after stripping.
In order to analyse the variations in the production of cork per individual tree (kg) without altering the surface area of cork generation, the previous maximum level of cork removal was maintained during the second stripping, on the stem and on each of the stripped limbs.
In all regions, from each stripped tree a cork sample with a minimum size of 20 ϫ 20 cm 2 was also taken at 1.30 m above ground level at the first and at the second stripping. For each cork plank we calculated the average caliper (ev) of the cork plank according to the formula:
where ev = green calibre of a cork plank (mm), ev t = green caliper of the cork plank at a midpoint in the transverse section i (mm) and ev r = green caliper of the cork plank at a mid-point in the radial section i (mm).
In Benavente, during the first stripping, the caliper was not measured directly on the cork plank but was obtained using the formula: 2 ev ev capcc capcc capsc capsc = -r d n Based on the weighing of the cork and the measurements of its caliper, for each stripped tree i the percentage increases in cork production and caliper were determined, using the following general formula for increase:
= -e o where ap i = percentage increase (%), V i(1) = weight or caliper at first stripping and V i(2) = weight or caliper at second stripping.
Data analysis
The heterogeneity of the trees is evident within and between all regions when we consider the range of variation for the main measured parameters (Table  2) . In relation to the circumference under cork at 1.30 m above ground level (capsc) and to the green production (Pv) (second harvest) it was possible to find distinct groups for all three regions based on non-parametric methods such as the Kruskal-Wallis one-way analysis of variance (P < 0.001) and Dunn's multiple comparison test (Zolman, 1993) ; thus the study areas can be placed in increasing order for these two variables from Benavente, a young stand with trees in full production, to Mora, an older stand with trees in full production, and to Alcácer do Sal, an older stand with trees near the exploitation limit, according to Natividade's (1950) classification of cork oak stand ages.
For the green caliper (second harvest) the difference between regions was not statistically significant (Kruskal-Wallis P = 0.0157) and there was an overlapping between the three regions since the study area Mora belongs to more than one group. Nevertheless the region of Alcácer do Sal produces cork with a superior caliper than Benavente, with Mora cork being intermediate between these two regions.
These stands are so different that they are not comparable. The distribution of the trees in different growth regions within heterogeneous cork oak stands gives the possibility of discussing in each study area how significant are the Caliper (mm) Average production per individual tree (kg) differences in three main parameters used in modelling cork production -breast height circumference, cork weight and cork caliper between two strippings -using Wilcoxon's test for paired measures.
Results and discussion
Region of Mora
The cork montado in Mora is considerably less dense than in the other regions, 68 trees ha -1 (Table 1) , and the second most productive, average production per individual tree being equal to 66 and 60 kg, for the first and second stripping, respectively ( Table 2) . The under-stocking of these stands leads to the over-exploitation of the trees. In fact, >50 per cent of the trees have a stripping coefficient >2.5. These trees showed the greatest decrease in production, ~7 per cent (Table 3) ; this means that, on average, the production of cork by trees that produce 60 kg (Table 2) decreased by 4 kg between the two harvests.
In this region 75 per cent of trees manifested a decrease in production and there was a statistically significant difference in cork production per tree for the same stripping surface from the first to the second stripping (Wilcoxon P < 0.001) ( Table 3) .
In relation to the caliper of the produced cork, the sampled trees in Mora showed an average decrease of ~9 per cent (Table 4) , a large decrease in thickness of the cork in trees, corresponding to a statistically significant difference between the caliper of cork from the first to the second stripping (Wilcoxon P < 0.05).
In this region, where almost 80 per cent of trees have a circumference under cork (capsc) of <1.50 m, there is a statistically significant difference in circumference under cork at breast height between the first and the second stripping (Wilcoxon P < 0.001) and this showed an increase of 5 per cent (Table 5) .
Region of Alcácer do Sal
This cork oak stand is dense (>100 trees ha -1 ; see Table 1 ). Some trees are considerably bigger than others with 42 per cent of trees having a circumference over cork >2.0 m and a large range in green cork production was particularly noticeable in this region ( Table 2) .
The average increment in cork production between two harvests was positive, although very close to zero. Unlike the other two regions there was no statistically significant difference in cork production (Wilcoxon P = 0.401), maybe because there was a high degree of variation; i.e. for the same stripping surface the trees produced almost exactly the same weight of cork, meaning that the production had stabilized (Table 3) .
As in the other study areas, the caliper of the produced cork in Alcácer do Sal showed an average decrease of ~4 per cent (Table 4) , which corresponds to a statistically significant difference between the caliper of cork from the first to the second stripping (Wilcoxon P < 0.05). Note that this region had the biggest average green caliper and half of the mean increment verified in Mora.
In relation to the breast height circumference under cork, the trees showed an average growth of ~2 per cent which corresponds to an absolute 342 FORESTRY increment of 4 cm ( Table 5 ). This increase in circumference under cork is statistically significant (Wilcoxon P < 0.05).
Region of Benavente
The cork oak stand in the region of Benavente had the lowest production per individual tree, an average of 26 kg (Table 2 ) and had the smallest trees: ~60 per cent of the trees had a circumference at breast height <1.00 m. The increment in the production of green cork in this region is negative; as at Mora, there was decrease in green production per tree of ~6 per cent (~1.5 kg) from the first to the second stripping (Table 3 ). There was a statistically significant difference between the two productions (Wilcoxon P < 0.001).
Similarly to the other regions, Benavente had a statistically significant difference between the calipers (Wilcoxon P < 0.05; Table 4 ). The decrease in caliper of ~5 per cent was, as in the region of Alcácer do Sal, half of the mean increment verified at Mora.
In Benavente, the trees had a statistically significant difference in circumference under cork at breast height between the first and the second stripping (Wilcoxon P < 0.001) and showed the biggest increase, 5 per cent, which corresponds to an absolute increase of 10 cm in the circumference (Table 5 ). It seems that in this region the trees are growing strongly compared with the values for the other two regions.
Modelling cork oak diameter growth curve
The existence of two measurements of the circumference under cork (capsc) and over cork (capcc), the caliper (ev) and the total production per individual tree (Pv) with an interval of 9 years, allowed us to test the possible prediction of a tree's production from one harvest to the next. Pearson's correlation coefficient (r) was estimated for each region, in order to describe the strength of a linear relationship between a pair of variables: the cork weight in the second harvest (Pv 2 ) as the dependent one and, as independent variables, the possible predictors: caliper (ev 1 ) and Table 6 show a low positive linear correlation between the cork caliper (ev 1 ) and the production of the individual tree (Pv 2 ) and a very significant positive linear correlation between circumference under cork (capsc 1 ) and cork production (Pv 2 ) as has already been reported by several authors, such as Montero et al. (1996) , for data collected in one stripping. According to Table 6 , it seems that the circumference under cork (capsc 1 ) gives a significantly better prediction of the production of the individual tree at the next stripping (Pv 2 ) than the caliper (ev 1 ). The caliper of cork at the first cork stripping (ev 1 ) showed a high positive linear correlation with the caliper of cork of the second cork stripping (ev 2 ).
The two consecutive measurements also permit the presentation of a growth curve for the wood (accumulated growth) and a cork growth curve (Figure 2 ). This cork growth curve is a theoretical curve (see Natividade, 1950; Ferreira et al., 1997; Nunes, 1998) . The main characteristic of this curve is that in the first 2 years of growth, immediately after stripping of the cork, the growth is almost exponential, and then slows down so that towards the end of the period the increment in thickness is nearly null and there is very little growth. The chosen curve model is the following polynomial equation: These average growth curves proved that, for the interval of 9 years between the two strippings, there was a significant decrease in the caliper for all the regions, e-d is always inferior to a-b, and that wood growth is positive, d-c greater than 0; nevertheless the total diameter growth was different in all regions (Figure 2 ): in Alcácer do Sal there was a decrease in circumference over cork, i.e. e-f was negative, because the decrease in thickness of the cork was greater than the growth of wood; in Benavente the total growth was null, i.e. e-f = 0, because the wood growth equalled the decrease in caliper of the produced cork; in Mora the wood growth was greater than the decrease in cork thickness and so the total growth, e-f, was positive.
For the two regions of Alcácer do Sal and Benavente there was a non-statistically significant difference in the circumference over cork (Wilcoxon P > 0.05) between the two strippings, unlike at Mora, which had a very large statistically significant difference between the circumference over cork at the first stripping and circumference over cork at the second stripping (Wilcoxon P < 0.001).
Conclusions
As the three cork oak stands studied were not directly comparable, it was only possible to describe for each one the variation in caliper, cork production and circumference under cork for individual trees between two harvests, as well as drawing the growth diameter curve.
In all regions, the caliper of the produced cork decreased and the circumference under cork increased. The total cork weight had a different variation between the two harvests; thus at 344 FORESTRY 
Alcácer do Sal 0.27 (n.s. n.s. = non-significant; * P < 0.05; ** P < 0.01; *** P < 0.001. Alcácer do Sal the production had stabilized, at Benavente there was a significant decrease and at Mora there was a very significant decrease, almost triple that reported in Benavente. So far, we have verified the existence of a good linear correlation (Pearson's correlation coefficient) between the circumference under cork and the production per individual tree as well as a poor linear correlation between the caliper at the first extraction and the production per individual tree. In order to create a preliminary predictive model of cork production, these relationships must be studied more thoroughly.
Modelling the cork growth curve at the individual tree level between successive strippings allowed the presentation of the total diameter growth curve, wood and cork, for each region. In general terms the average tree at Alcácer do Sal showed a decrease in total growth, Benavente showed null growth and Mora positive growth, mainly because of strong wood growth.
More research is necessary in order to understand the relationships between cork production in weight and caliper, as well the tree and site variables that explain them.
